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Nix localizes to mitochondria and ER and cofractionates with mitochondrial and ER/SR proteins. (A) HEK293 cells were transfected with FLAG-Nix 
or β-gal control; fractionated into 10,000 g pellet (10p), 100,000 g pellet (100p), and 100,000 g supernatant (S); and immunoblotted with anti-
FLAG, calnexin (Cal), or COX IV antibodies. (B) Neonatal rat ventricular myocytes were infected with adenoviruses encoding FLAG-Nix or β-gal 
control and processed as in A. E, empty lane. (C and D) Hearts from mice subjected to 1 week of pressure overload (TAC) and nonoperated 
controls (Non) were fractionated into a 10,000 g pellet and a 100,000 g pellet. The 100,000 g pellet was separated on a discontinuous sucrose 
gradient to yield the SR-rich fraction (SR, see Methods). 50 μg (C) and 20 μg (D) of the indicated fractions were separated by SDS-PAGE 
and immunoblotted with anti-Bnip3L (Nix), calnexin, or COX IV antibodies. Positive control (+C) (10 μg) was cellular extract from FLAG-Nix 
transfected HEK293 cells, showing multiple bands corresponding to Nix homodimers and heterodimers. (E) FLAG epitope–tagged Nix or β-gal 
control (both green) were transiently expressed in HEK293 cells and analyzed by fluorescence microscopy for colocalization with mitochondrial 
MitoFluor Red 589 (Mito) or ER calnexin (both red). Nuclei are blue (DAPI). Overlay for Nix is at bottom. Original magnification, ×1,000. Scale 
bar: 10 μm (shown for comparison).
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Nix regulates ER and SR calcium stores. (A) Ventricular cardiac myocytes isolated from nontransgenic (NTG) or conditional Nix-overexpressing 
(Nix OE) mouse hearts were loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i by monitoring the 510 nm emission during rapidly 
alternating excitation at 340 and 380 nm. Data are reported as the 340:380 nm emission ratio. A representative pair of tracings is shown (left). 
Group data (right) represent mean ± SEM of 24 NTG and 42 Nix OE cardiac myocytes from 3 pairs of hearts. Caf, caffeine. (B) Ventricular cardiac 
myocytes isolated from WT or Nix-knockout (Nix–/–) mouse hearts were loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i as 
above. A representative pair of tracings is shown (left). Group data (right) represent mean ± SEM of 25 WT and 50 Nix–/– cardiac myocytes from 
5 pairs of hearts. (C) Crude cardiac extracts from Nix-null (Nix–/–) and WT hearts were subjected to immunoblotting for RYR, SERCA, NCX, PLN, 
and CSQN (50 μg protein/lane). (D) Representative peak ICa traces recorded from a holding potential of –50 mV to the indicated test potentials in 
patch-clamped isolated Nix-null and WT cardiac myocytes. (E) Representative traces of Na+/Ca2+ exchange current induced by a rapid solution 
change from 150 mM Na+ to 150 mM Li+ (indicated above) at a holding potential of –40 mV, recorded from Nix-null and WT cardiac myocytes.
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contraction itself were likewise diminished in Nix-knockout mice 
and fully restored by combined PLN ablation (Figure 3, B and C).





































In vivo restoration of SR calcium stores in Nix-knockout cardiac myocytes by SERCA disinhibition reverses the Nix-null rescue of Gq peripartum 
cardiomyopathy. (A) Ventricular cardiac myocytes isolated from WT, Nix-knockout (Nix–/–), or Nix/PLN-DKO (Nix–/–PLN–/–) mouse hearts were 
loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i. A representative set of tracings is shown (left). Group data (right) represent 
mean ± SEM of 35 WT, 28 Nix–/–, and 38 Nix–/–PLN–/– cardiac myocytes from n = 3 to 4 hearts each. (B) Pacing-stimulated [Ca2+]i in ventricular 
myocytes from the same groups. Representative tracings are shown (left) and group data represented as mean ± SEM (right). (C) Contraction of 
paced ventricular myocytes from the same groups. Representative contraction tracings are shown as the absolute change in cell length over time 
(left). Quantitative analysis of the peak rate of change of cell shortening are represented as mean ± SEM (right). Horizontal bars indicate time. 
(D) Kaplan-Meier analysis of mouse survival in the peripartum period. Daily survival of Gq (n = 36), Gq Nix–/– (n = 30), and Gq Nix–/–PLN–DKO 
(Gq DKO, n = 19) dams was assessed after giving birth. log-rank statistic was employed to detect statistical significance. *P = 0.017 versus Gq 
by post-hoc test (Holms-Sidak). (E–G) Comparative analysis of left ventricular dilation (E, measured as the ratio of ventricular radius [r] to wall 
thickness [h]), contraction (F, measured as echocardiographic percentage of fractional shortening), and apoptosis (G, measured as the percent-
age of TUNEL-positive cardiac myocytes) for the same study groups (n = 6–13/group). WT is shown for comparison with normal. Statistical 
significance was determined by 1-way ANOVA and Tukey’s post-hoc testing.
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ER/SR-targeted NIX is as deadly as but acts differently than mito-








Creation of mitochondria- and ER-specific Nix mutants. (A) Calcium-induced swelling of purified WT (triangles) and Nix-knockout (diamonds) 
liver mitochondria. Calcium (250 μM) was added (arrow) and the decrease in absorbance of 540 nm light assessed over time. Each curve repre-
sents the mean of 2 separate experiments. (B) Schematic depiction of mutation strategy for organelle-specific Nix. TM, putative transmembrane 
domain. (C and D) FLAG epitope–tagged WT Nix (Nix-WT), Nix-ActA, Nix-cb5, or truncated Nix (Nix-trunc) were transiently expressed in HEK293 
cells, fractionated into 10,000 g pellet, 100,000 g pellet, and 100,000 g supernatant, and immunoblotted with anti-FLAG, calnexin, or COX IV 
antibodies (25 μg protein/lane). (D) Transiently transfected WT Nix, Nix-ActA, Nix-cb5, or truncated Nix (all green) as in C were analyzed by 
fluorescence microscopy for colocalization with MitoFluor Red 589 or ER calnexin (both red). Nuclei are blue (DAPI). Overlays are shown at 
bottom. Original magnification, ×1,000. Scale bar: 10 μm (shown for comparison).
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Accordingly,  immunoblot  analysis using  the FLAG  epitope 
tag to localize WT and mutant NIX to fractions enriched in 
Figure 5
ER- and mitochondria-targeted Nix are equally effective in killing cultured cardiac myocytes but utilize different mediators. (A) Cultured neonatal rat 
cardiac myocytes were infected with adenoviruses encoding WT Nix or 1 of the 3 Nix mutants and subjected to fluorescence microscopy for subcel-
lular localization. Shown are overlay images with FLAG-Nix (green) and MitoFluor Red 589 (red). Original magnification, ×1,000. Scale bar: 10 μm 
(shown for comparison). (B) Cultured neonatal rat cardiac myocytes were infected with adenoviruses encoding WT Nix or 1 of the 3 Nix mutants, 
and Nix expression was analyzed by immunoblotting for FLAG epitope and GAPDH (loading control; 25 μg/lane). Arrows indicate Nix mutants with 
varying molecular weights. (C) Quantitative analysis of cardiomyocyte death (left y axis, white bars) and TUNEL positivity in the absence (right y 
axis, black bars) and presence (right y axis, gray bars) of 25 μM BAPTA-AM induced by subcellular targeting of Nix. Means ± SEM of 4 independent 
experiments for death and 8 (–BAPTA) and 5 for TUNEL (+BAPTA) are shown. (D) Confocal microscopy of TMRE (red) and fluorescent caspase 
substrate (rhodamine 100 bis-l-aspartic acid amide; green) in cultured neonatal rat cardiac myocytes infected with adenoviruses encoding WT Nix 
or 1 of the 3 Nix mutants. Original magnification, ×400. Nuclei are blue (Hoechst 33342). Scale bar: 20 μm (shown for comparison).
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cytosolic, mitochondria- and ER-rich, or ER (without mito-


















































































Mechanisms of Nix-induced cell death. Transcriptionally induced NIX 
is targeted to the mitochondria and ER/SR and activates programmed 
cell death in cells via a canonical mitochondrial pathway and what we 
believe is a novel ER/SR pathway. Mitochondria-targeted Nix causes 
mitochondrial outer membrane permeabilization, likely in coordination 
with Bax and Bak, leading to cytochrome c release, apoptosome for-
mation, caspase 3 activation and apoptotic cell death. ER/SR-targeted 
Nix contributes to ER/SR calcium overload. This sensitizes cells to 
environmental stimuli, resulting in local calcium release at junctional 
“hot spots” with mitochondria. Released calcium is taken up by a mito-
chondrial uniporter, causing intramitochondrial calcium overload that 
triggers mitochondrial permeability pore formation with loss of mito-
chondrial potential, mitochondrial swelling, and release of essential 
mitochondrial proteins, preventing ATP generation with resultant bioen-
ergetic failure. This is rapidly followed by failure of energy-dependent, 
plasma membrane–localized ion transporters, causing intracellular ion 
overload, cellular swelling and rupture, and necrotic cell death. MPTP, 
mitochondrial permeability transition pore.
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